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The teleradiometer is an instrument which provides a
measurement of apparent contrast between a target and background
sky. Calculation of visual range or extinction from apparent 
contrast requires inherent contrast to be known. Except for 
ideal black targets (non-emitting and non-reflecting at visible 
light wave-lengths), for which inherent contrast equals -1.00, 
inherent contrast is target- and sun-angle- specific. Direct 
measurement of inherent contrast is rarely feasible. Some 
methodology for estimating inherent contrast is needed which is
within reasonable limits, and cost-efficient, 
of inherent contrast determination presented 
on the following assumptions: (1) inherent
on a continuous basis throughout the day and
simple, accurate 
The methodology 
here is based 
contrast varies
throughout the year, but these changes are gradual enough to 
permit selection of discrete intervals without introduction of 
excessive error, (2) true inherent contrast for a given discrete 
interval is a constant for that interval, and (3) with 
sufficient repetition of intervals, visibility will approach 
Rayleigh conditions at least once. Therefore the procedure 
consists of locating one occurrence of near-Rayleigh conditions 
for each discrete interval. This is accomplished by review of 
apparent contrast listings and photographic slides to locate 
Intervals with greatest contrast between target and sky where 
that contrast is not affected by meteorological or haze 
conditions. Selected apparent contrasts are used to 
backcalculate inherent contrast according to equations based on 
K os c h m e i d e r 's Theory.
Advantages of the methodology are (1) no auxiliary measurements 
or instruments other than a 35 mm camera are required, (2) 
inherent contrast values are "custom-fitted" to the individual 
target and sight path, and (3) inherent contrast may be 
estimated for any desired time interval. This technique was 
developed using data from six teleradiometers operating in the 
California Mojave Desert for varying periods between 1981 and 
1984. Indirect verification of the methodology was established 
by statistical comparisons to nepliel ometry data. These 
comparisons indicate high correlation between the two visual 
range measurement systems.
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SECTION 1 
INTRODUCTION
In  1977, Congress amended the Clean A ir  Act o f 1970 to preserve 
good v is ib i l i t y  in ce rta in  areas o f the United States (U .S .) ,  
including selected national parks, wilderness areas, and national 
monuments categorized Class I areas. These areas are generally remote 
from urban areas and have been h is to r ic a lly  noted fo r th e ir  high 
visual q ua lity  and co lorfu l v is tas .
Once v is ib i l i t y  protection was mandated by Congress, the task o f 
developing the methodologies to measure and monitor v is ib i l i t y  became 
the re sp o n s ib ility  o f the Environmental Protection Agency's (EPA) 
O ffice o f Research and Development (ORD). In 1979, EPA reported to 
Congress that ensuring good a ir  q u a lity  in renote regions had become a 
d i f f ic u l t  task. The dense aggregation o f people in to  large metro­
politan  areas has caused major urban a ir  po llu tion  problems and the 
long range meteorological movement o f an urban plume can be d e tr i­
mental to the visual q u a lity  experienced in  a remote area. Generally, 
an urban plume is composed of f in e  p a rtic le s  with a diameter range of 
0,3  micrometer (pm) to 1.0 pm. P a rtic le s  o f th is  size have a strong 
e ffe c t upon the scattering  and, to a lesser extent, absorption of 
v is ib le  l ig h t .  They have residence times of a week or more and can be 
transported up to 800 kilom eters (km) from th e ir  o rig in , providing a
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potentia l condition of regional haze and low v is ib i l i t y  In  remote 
areas (U.S. EPA, 1979).
In  1980, EPA published "Interim  Guidance fo r V is ib i l i t y  Moni­
toring" which contained sp ec ific  recommendations fo r monitoring 
stra te g ies . Among recommended Instruments is  the teleradiom eter, an 
Instrument which uses one or two photodiodes to measure Incoming 
radiance from a ta rg e t and background, usually sky. An apparent 
contrast Is  computed from the radiance values. Apparent contrast may 
then be used to compute a visual range, according to Equation 1 (U.S. 
EPA, 1980).
3.912
V = .................... — ( 1)
(1 /r )  In  (Co/Cr)
where:
V = visual range, km 
r = distance, km 
Cq = inherent contrast (dimenslonless)
Cy. = apparent contrast (dimenslonless)
The derivation  of th is  equation is  provided In  Section 2 , Theory. 
Use o f th is  equation requires the Inherent contrast, Co, to be known. 
Except fo r the specialized case of perfect black targets , fo r which Cq 
* -1 .0 0 , Cq I s not known and must be estimated. The Interim  Guidance
2
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document fa ile d  to provide any recommended methodology fo r estimating  
Cq* la rg e ly  because no such methodology had been developed a t the time 
of pub lication . This paper presents one such methodology, developed 
by the author under EPA contracts 68-03-3050 and 68-03-3249.
In  1981, era ' s Environmental Monitoring Systems Laboratory -  
Las Vegas, Nevada (EMSL-LV) entered in to  interagency agreements with 
C a lifo rn ia  Bureau of Land Management (BLM) and Department of Defense 
(DOD) to provide v is ib i l i t y  monitoring in  the Mojave Desert region of 
southern C a lifo rn ia . Two v is ib i l i t y  monitoring stations were located  
near Fort Irw in and Iron Mountain, C a lifo rn ia . Each s ta tion  contained 
two teleradiom eters and one nephelometer, an instrument which provides 
a measurement o f scattering  c o e ff ic ie n t. BLM withdrew in 1982 and the 
Iron Mountain sta tion  and equipment were subsequently relocated to 
Edwards A ir  Force Base (AFB). DOD in te re s t in  v is ib i l i t y  in  the 
Mojave Desert continued to grow throughout the ea rly  1980's. A number 
of m ilita ry  in s ta lla tio n s  are located in  the Mojave Desert, several of 
which are involved in testing  o f advanced weapons systems. Many of 
these tests include optical tracking; reduced v is ib i l i t y  levels  
negatively impact the value o f the tests  and, in  some cases, re s u lt in  
te s t postponement or can ce lla tio n . In 1983, another inter-agency  
agreement between EPA EMSL-LV and DOD was in it ia te d  to continue and 
expand v is ib i l i t y  monitoring a c t iv i t ie s .  This e f fo r t  has become known 
as Pro ject RESOLVE, the acronym standing fo r Research on Operations -  
Lim iting Visual E xtinction .
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The inherent contrast determination methodology presented here 
was developed and tested using data acquired a t the Iron Mountain,
Fort Irw in , and Edwards AFB stations over the period June 1981 through 
May 1984. The technique estimates inherent contrast using ava ilab le  
apparent contrast and photographic data. The advantages o f th is  tech­
nique are (1) no a u x ilia ry  measurements or instruments are required,
(2) the inherent contrast values are "custom -fitted" to the individual 
ta rg e t and sight path, and (3) the inherent contrast may be estimated 
fo r any desired time in te rv a l. The time in te rva l selected by EPA 
EMSL-LV is  each daylight hour, 0800 to 1500 local standard tim e, on a 
seasonal basis; seasons defined as December through February, March 
through May, June through August, and September through November.
Each o f the stations used to develop the technique contained a 
nephelometer. The nephelometer provides a measurement o f l ig h t  extinc­
tion  due to p a rtic le  scattering a t a single point in  space. Using 
equations presented in the Interim  Guidance document and derived in  
Section 2, Theory, the nephelometer-measured scattering  c o e ffic ie n t  
can be converted to units of standard visual range (km), thereby 
providing a measurement of v is ib i l i t y  to ta l ly  independent from th a t 
obtained by each teleradiom eter. S ta t is tic a l correlations between 
teleradiom eter- and nephelometer-measured v is ib i l i t ie s  have been 
employed to te s t the inherent contrast determination technique.
Section 2, Theory, contains the derivations of the equations used
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to  compute visual range and the assumptions upon which the theory is  
based. The inherent contrast determination technique and testing  
procedures are discussed in Section 3, Methodology. Section 4 , A ppli­
cation of Methodology, contains descriptions o f the v is ib i l i t y  
monitoring s ta tions, ta rg e ts , and instruments used in  the development 
of th is  technique. The v is ib i l i t ie s  resu lting  from app lication  of the 
methodology are discussed in Section 5 , Discussion of Results. Results 
of the v e r if ic a tio n  procedures are also discussed in  Section 5 . A 
summary is  provided in Section 6 , Summary. The extent o f the data 
bases used to develop and te s t th is  technique preclude th e ir  inclusion  
here in  th e ir  e n tire ty . Instead, graphic and tabular summaries are 
used to represent the data bases. Complete data sets are obtainable  
on 9 - track tapes from EPA through Freedom of Inform ation Act requests.
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SECTION 2 
THEORY
V is ib i l i t y  may be expressed in terms of visual range [kilom eters  
( km)] or in  terms of ex tinc tio n  [inverse kilom eters (km~^)]. These 
terms are inversely re la te d , as shown in the follow ing derivations. 
This discussion is  lim ited  to two v is ib i l i t y  measurement systems -  
teleradiom etry and nephelometry. Both instruments are monochromatic, 
the teleradiom eter a t 550 ± 10 nanometers (nm) and the nephelometer a t  
530 ± 10 nm. These correspond roughly to the peak response of the 
human eye.
The teleradiom eter provides radiance measurements of a d is tan t 
ta rg e t and background sky and/or an apparent contrast between the 
ta rg e t and sky. This contrast is  re la ted  to the to ta l ex tinc tio n , 
along the sight path between the teleradiom eter and ta rg e t.
The nephelometer provides a point source measurement o f sca tte r­
ing c o e ff ic ie n t, b. Total ex tinction  equals scattering c o e ffic ie n t  
plus absorption c o e ff ic ie n t, k; (<r = b + k ). In general, b »  k, 
except in  heavily in d u s tria lize d  areas with high concentrations of 
nitrogen dioxide and p a rtic u la te  carbon. Therefore, absorption is  
generally assumed to be zero (k = 0) and <r = b (U .S. EPA, 1980).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
PHOTOMETRIC RELATIONS
The attenuation or extinction  of a collim ated beam of monochro­
matic l ig h t  having a f lu x , F , a t a cross-section d is ta n t, r ,  from any 
o rig in  can be expressed as:
F » Foe-(b+k)r .  (2 )
where:
F = luminous flu x , lumen 
b = scattering c o e ff ic ie n t, km-1 
k = absorption c o e ff ic ie n t, km-1
» ex tinction  c o e ffic ie n t = b+k, km-1 
r  = distance, km
Equation 2 is  Bouguer's Law and dates from 1760.
The volume scattering function, is  defined in  the
equation:
I l ( d )  = E B '(4 )v  (3)
where:
I l ( d )  = in te n s ity  o f the volume viewed from d irec tio n  4, 
candle (candle = lum en/unit so lid  angle)
7
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E = illuminance of a collim ated beam incident on a 
lamina of the atmosphere having un it thickness, 
lumen/km2
 ̂ = the angle formed between the d irec tio n  o f the incident 
beam and the scattered l ig h t ,  degrees •
V = volume, knP
B'(rf) = volume scattering function, lumens scattered per
u n it so lid  angle per un it volume per lumen per 
u n it area ( km-1)
I f  a so lid  angle is  considered to be a pure number, the dimensions of 
B '(d ) are equivalent to those o f b and k in  Equation 2 . The u n it
so lid  angle, or steradian, is  th a t subtended a t the center o f a sphere
of radius r  by the c u rv ilin e a r area r2 on its  surface. The to ta l 
so lid  angle a t the center o f the sphere is  therefore 4n steradians. 
Since a ll  the l ig h t  removed from a collim ated beam by scattering goes 
in to  d irections between ^ = o and 4 = * :
2tr f  B '(4 ) sin fi d i  = b (4)
0
KOSCHMIEDER'S THEORY
Koschmieder's Theory o f visual range in  the horizontal was f i r s t  
presented in  1924 and la te r  modernized by Middleton (1968), As pre-
8
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sented by Middleton, the assumptions necessary to the theory are:
(a) The atmosphere is considered a turb id  medium, containing a large  
number of small p a rtic le s .
(b) Each element o f volume contains a very large number of p a rtic le s , 
each of a much smaller order of magnitude than the element i t s e l f .
(c) The scattering action of each p a rtic le  is  independent o f the 
presence of a l l  the others.
(d) The l ig h t  scattered from an element o f volume w ill  be considered 
as coming from a point source o f which the in te n s ity  is  propor­
tional to the number o f p a rtic le s .
(e ) L ight rays w ill be considered as re c t i l in e a r , th a t Is to say, 
atmospheric re fra c tio n  w ill  be neglected.
( f )  A ll parts o f the atmosphere in the horizontal plane are equally  
illum inated .
(g) The c o e ffic ie n t o f attenuation by scatte ring , b, is  constant in  a 
horizontal plane, in  p a rtic u la r near the surface o f the earth  
where i t  takes the value b^.
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(h) The curvature of the earth is  neglected, and i ts  surface is  con­
sidered as plane, h orizo n ta l, and d iffu s e ly  re fle c tin g .
( i )  The lin e a r  dimensions of the whole observed object are small in  
comparison to i ts  distance from the observer.
In  Figure 1, the ta rg e t is  a t distance r  (km) from the observer 
(o r instrum ent). The s ight path is  represented by the cone of a i r  
with the target area as the base and the observation point as the 
apex. Any volume element of the cone is  represented by:
dT = dw • x%dx (5)
The element dT w ill  be illum inated to the same extent and in  the same 
way no matter what the value o f x, according to assumptions ( f ) ,  (g ) ,  
and (h ) .  As shown in  Equation 4 , fo r any given value o f (i, the 
scattering function B '(d ) w il l  be proportional to the scattering  
c o e ffic ie n t, b. Given th is , plus assumption (d ), the in te n s ity  o f the 
volume dT in the d irec tio n  of the observer is:
dl = dT • Ab (6)
where:
A = constant o f p ro p o rtio n a lity
10
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Figure 1. I l lu s tra t io n  of Koschmieder's Theory (Middleton, 1968)
The illuminance a t the observation point due to th is  l ig h t  
scattered from dT is :
dE dl f-2 . A-bx (7)
where x"2 accounts fo r the law o f the inverse square (E I/r2) and 
e-bx IS the transmittance of thickness, x , of the atmosphere.
The element of volume, dT, subtends a solid  angle, dw, a t the 
observation point. The luminance of a source in a given d irection  is 
equal to the illuminance produced on an elementary surface normal to 
th is  d ire c tio n , divided by the so lid  angle subtended by the source at 
th is surface. The la t t e r  can be expressed as:
11
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d En
B =   (8)
dw
Given the above, the luminance o f dT is ;
dS » (1/dw) dl • x-2 e-bx (9 )
Expressing dl in  terms o f x and dw gives:
dS = A be-bx dx (10)
Equation 10 can be integrated over the e n tire  cone to give the 
apparent luminance:
B = r  /V be-bx dx = A (T -e -b r) ( 11)
/
0
To determine the constant A, the ta rg e t luminance is  set equal to 
the luminance of the horizon sky, B '. This is  equivalent to moving 
e ith e r the ta rg e t or the observer to the point where the ta rg e t is  no 
longer v is ib le  ( i . e . ,  the v is ib i l i t y  threshold). Therefore:
B' = /  A be-bx dx = A (12)
0
12
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Substitu ting into  Equation 11 gives:
B = B' ( 1 - e - b r )  (1 3 )
The above derivation  was based on the assumption th at the ta rg e t 
was a black object with none of the l ig h t  reaching the observer having 
a c tu a lly  orig inated a t the ta rg e t. Suppose the ta rg e t, observed a t 0 
distance, has a luminance, B^; then Equation 13 becomes:
B = B q e 'b r  + g '  ( 1 4 )
Equation 14 does not account fo r absorption. Including th is  
e ffe c t, the above equation becomes:
B = Boe"(b+k)r + g. ( i_ g -(b + k )r) = Bge-fr + g' (i-e-<^'") (15)
This is  presented without ju s t if ic a t io n .  The ju s t if ic a t io n  is  pro­
vided by the "two-constant" theory contained in  the works of Schuster 
(1905), Ountley (1942 and 1948a), and others. This ju s t if ic a t io n  is  
not presented here; a summary is  included in Middleton (1968, pp. 
64 -68 ).
CONTRAST AND VISUAL RANGE
The concept o f contrast must now be introduced, since, in  the 
reduction of teleradiom eter data, the primary in te re s t is  not in  the
13
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absolute luminance values, but ra ther in  the contrast between the 
ta rg e t and the background sky. As used previously, B represents the 
illuminance of the target and B' represents the illuminance value o f 
the background sky. Bq and BÔ represent the illum inance of the 
ta rg e t and sky, resp ective ly , when viewed a t 0 distance from the 
ta rg e t. S im ila rly , B  ̂ and B  ̂ represent the Illuminance of target 
and sky, respective ly , when viewed from distance r .  Equation 15 may 
now be w ritten  as:
Br -  B  ̂ = (Bq -  B ^ )e"^  (16)
Inherent contrast, Cq, is  defined as:
Bq -  Bq
Apparent contrast, C^, Is  defined as:
Co and 0^ are both dimenslonless values.
S ubstitu ting , Equation 16 becomes:
14
(17)
Bp -  Bp
Cp =   (18)
Bp
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Cp = Co (1 9 )
By assumptions (e ) ,  (g ) ,  and (h) o f Koschmeider*s Theory, B* w ill  
not change with distance from the ta rg e t because, no matter where the 
observation point is ,  there is  always an in f in i t y  o f a i r  behind the 
ta rg e t. In other words, because the sky is  in f in i t e ly  d is ta n t, moving 
from distance 0 to distance r  w ill  not appreciably change the illu m i­
nance of the sky. Therefore, the term (Bô/Bp) in  Equation 19 is  
equal to 1 and Equation 19 s im p lifies  to:
Cp = CqC"*^ (20)
Visual range, V, is  defined as "th a t distance fo r  which the con­
tra s t transmission of the atmosphere is  2 percent" (Duntley, 1948b). 
This d e fin it io n  is  based on human eye response, which, on the average, 
has a threshold contrast detection a t 550 rwi o f 0.02 or 2 percent fo r  
a black target with an inherent contrast value o f -1 .0 0 . Visual range 
is simply an Inverse function o f the ex tinc tion  c o e ff ic ie n t, hence:
0 .0 2  = e-<^V (21)
or, taking natural logarithms:
V = 3 .9 1 2 /*
( 22)
15
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o r, inversely:
o  = (23)
Substituting in to  Equation 20 y ie lds:
-3 .912 r
= Cne V
or, taking the natural log and solving fo r V;
3.912
(24)
(1 /r )  In  (Co/Cr)
(25)
Total ex tin c tio n , <y, has been previously defined as the sum of 
scattering c o e ffic ie n t, b, and absorption c o e ff ic ie n t, k. A part of 
the scattering c o e ffic ie n t is  the scatte r by molecules comprising the 
atmosphere i t s e l f ;  th is  portion o f scattering is  known as Rayleigh 
s c a tte r, b^^y (km**^). Since the density o f the atmosphere decreases 
as a function of a lt itu d e , the scattering c o e ffic ie n t o f a i r  molecules 
also decreases as a function o f increasing a lt itu d e . In order to  
allow comparison of v is b i l i t y  measured a t varying elevations, i t  is  
necessary to correct fo r th is  altitude-dependency. By comparing 
Equations 22 and 25, i t  can be seen th a t the denominator of Equation 
25 is  equal to Therefore, the a lt itu d e  correction is  accomplished
16
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simply by subtracting out the b^^y fo r the given s ite  path and adding 
in  the standard bp^y o f 0.01 km"^. The corrected visual range, known 
as standard visual range, Yy. (km), is  calculated by:
V , .  ----------------- H H --------------------------  ,26)
(1 /r )  In  (Co/Cr) -  bray + 0.01
NEPHELOMETRY
The in tegrating  nephelometer measures l ig h t  scattered over an 
angular range covering 7“ to 170*. This measurement is  an approxima­
tion  of the to ta l scattering  c o e ff ic ie n t, b. Again using Koschmieder's 
assumptions, p a rtic u la r ly  ( f )  and ( g) ,  the atmosphere over the long 
path measured by the teleradiom eter is  identica l to the point measured 
by the nephelometer. Visual range can be calculated using Equation 
22:
I f  absorption is  assumed to be zero then b =<y,  (U .S. ERA, 
1980). Equation 22 becomes:
V = (27)
As with teleradiom eter data, i t  is  necessary to adjust fo r
17
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a lt itu d e  dependency, by:
Vr =    (28)
b— + 0*01
In units equipped with a clean a i r  reference system, an approxi­
mation o f bray is  calculated using the clean a ir  reference voltage. 
This method provides an advantage over a constant b^^y in th a t in s tru ­
ment d r i f t  is  corrected by the subtraction of the clean a ir  reference 
from the to ta l scattering c o e ffic ie n t measurement.
The assumption th a t absorption is  n eg lig ib le  has been generally  
accepted u n til recently . One recent study indicated absorption may 
account fo r 10 percent o f the ex tinction  in  remote areas and up to 50 
percent o f the ex tinction  in  urban areas, p rim arily  due to graphite  
carbon (Waggoner e t a l . ,  1981). Another study indicated absorption by 
p a rtic u la te  carbon and, to  a lesser exten t, nitrogen dioxide may 
account for as much as 25 percent of ex tinc tio n  even in  remote areas 
(Ouimette, 1980). Based on these studies, neglection o f absorption 
w ill y ie ld  visual range values overestimated by 9 to 33 percent (10 
to 50 percent absorption, re s p e c tiv e ly ). The nephelometry data pre­
sented in th is  paper were processed according to the recommendations 
contained in "In terim  Guidance fo r V is ib i l i t y  Monitoring" (U.S. EPA, 
1980); s p e c if ic a lly . Equation 28, and no correction has been made fo r  
absorption.
18
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SECTION 3 
METHODOLOGY
As derived in  Section 2 , Theory, the equation (Equation 26) fo r  
calcu la tion  of standard visual range fo r teleradiom etry is :
(1 /r )  In  (Co/Cr) -  bray + 0.01
where:
Vr = standard visual range, km
r = distance from teleradiom eter to ta rg e t, km
Cq = inherent contrast; i . e . ,  contrast between ta rg e t and
sky a t zero distance (dimensionless)
Cr = apparent contrast; i . e . ,  contrast between ta rg e t and 
sky a t distance r  (dimensionless)
bray “ Rayleigh sca tte r; i . e . ,  altitude-dependent scatter by
a i r  molecules, km"l
19
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0.01 = standard Rayleigh s c a tte r, km-^.
The teleradiom eter is  located a t a fixed  location , focussed on a 
ta rg e t a t a fixed  distance. Therefore r  and bp^y are constants fo r a 
given location . In p rac tice , the teleradiom eter location  (s ite )  and 
ta rg e t elevations and distance from s ite  to ta rg e t are extracted from 
United States Geological Survey (U .S .G .S .) maps. Rayleigh scattering  
values are obtained from tables (Elterman, 1968). The teleradiom eter 
uses two photoelectric diodes to measure incident radiance from the 
ta rg e t and background sky and converts these values to an apparent 
contrast, as defined in  Equation 18. Instantaneous values taken a t an 
adjustable scan ra te  are averaged to produce one Cp value fo r each 
hour, 0800 to 1500. Measurements are lim ite d  to these hours to 
coincide with daylight hours throughout the year.
This leaves as the only unknown in  Equation 26. Perfect black 
targets ( i . e . ,  targets which neither emit nor re f le c t  l ig h t)  have a 
known inherent contrast o f -1 .0 0 , but such targets do not e x is t in the 
real world. A r t i f ic ia l  targets are not p ractica l because, a t  the 
distances normally used, the angle o f view is  somewhat la rg er than a 
football f ie ld .  Mountain slopes are normally selected as targets . 
Because these natural targets are not id e a lly  black, the Inherent 
contrast changes over time as a function o f sun angle. Also, seasonal 
changes in  vegetation a ffe c t the inherent contrast. Therefore, in  
order to determine visual range, i t  is  necessary to have some metho­
dology to estimate inherent contrast.
20
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
One tra d itio n a l methodology Involves In s ta llin g  a second te le ­
radiometer very close to the ta rg e t. This approach presents several 
problems. F ir s t  as stated above, a d is tan t teleradiom eter focuses on 
an area approximately the s ize  o f a football f ie ld .  A teleradiom eter 
in s ta lle d  near the ta rg e t focuses on an extremely small area such as a 
single tre e . This small ta rg e t is  not l ik e ly  to be in d ica tiv e  o f the 
color and shadow e ffec ts  seen a t a distance; i . e . ,  a single ta rge t 
element is  u n like ly  to be representative o f the e n tire  ta rg e t.
Secondly, in s ta lla t io n  of a second teleradiom eter es se n tia lly  doubles 
the cost o f the f ie ld  program. Therefore, a need exists to develop a 
methodology fo r determination of inherent contrast which is  simple, 
accurate w ith in  reasonable l im its ,  and cost e f f ic ie n t .  This paper 
presents one such methodology.
METHODOLOGY OVERVIEW
The determination of inherent contrast technique presented here 
involves use of the apparent contrast data to aid In  estimation of 
inherent contrast. Only one a u x ilia ry  Instrument, a 35 mm camera, is  
required. This technique, th ere fo re , is  h ighly cost e f f ic ie n t  in  
terms o f equipment and maintenance ( f ie ld  costs).
This method is  based on the follow ing assumptions: 1) inherent
contrast varies on a continuous basis throughout the day and throughout 
the year, but these changes are gradual enough to permit selection of 
discrete  in te rva ls  w ithout the introduction of excessive e rro r, 2) the
21
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tru e  inherent contrast fo r a given d iscrete in te rva l is  a constant fo r  
th at in te rv a l, and 3) with s u ff ic ie n t re p e titio n  o f in te rv a ls , v is i ­
b i l i t y  w ill  approach Rayleigh conditions a t le a s t once.
The in te rva ls  selected are hourly and seasonal. Apparent con­
tra s t  is  reported in hourly averages, hence the selection of the 
hourly in te rv a l. The seasonal in te rva l is  selected to account fo r  
most o f the v a r ia b i l i ty  caused by sun angle and vegetation changes.
The seasons are defined as:
Summer -  June, J u ly , August
Fall -  September, October, November 
Winter -  December, January, February 
Spring -  March, A p r il,  May.
The second assumption means th a t, fo r example, the true inherent con­
tra s t  fo r 0800 in  Spring 1984 is  iden tica l to the true inherent 
contrast fo r 0800 in  Spring 1985. The th ird  assumption follows on the 
second in  th a t, given enough years o f data c o lle c tio n , near-Rayleigh 
conditions w ill e x is t a t  le a s t once fo r 0800 in  Spring. Therefore, to 
employ th is  technique, i t  is  necessary to locate one occurrence of 
near-Rayleigh conditions fo r each hourly and seasonal in te rv a l.
This is accomplished by locating  hours w ith in  each season th a t  
are c le a r; i . e . ,  fre e  o f p a rtic le s  and gases other than normal atmos­
pheric constituents. These hours must also be fre e  of the influences
22
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o f clouds. Cloud e ffec ts  Include shadowing o f the ta rg e t, causing 
contrast to appear b righ ter than in  the absence of shadows and clouds 
behind the ta rg e t, replacing the background sky in the apparent con­
tra s t  c a lcu la tio n . These c le a r , cloudless hours can be id e n tif ie d  
using photographic slides and the instantaneous apparent contrast 
values, as deta iled  in the Procedure Section which follow s.
In the development o f th is  methodology, i t  was necessary to have 
some means of estimating whether the calculated v is ib i l i t y  data are  
reasonable. Given the assumptions presented in  Section 2, Theory, 
v is ib i l i t y  calculated by nephelometry should be comparable to v is ib i l i t y  
calculated by teleradiom etry. S ta t is t ic a l comparisons were made on 
each of the data sets. A special investigation  of the influence of 
clouds on teleradiom eter data was carried  out on a subset o f the data. 
The resu lts  of these v e r if ic a t io n  a c t iv it ie s  are presented in  Section 
5 , Discussion of Results.
MATERIALS
E ssentia lly  only three items are needed to employ th is  technique:
1) lis tin g s  o f hourly average apparent con trast, 2) lis t in g s  of 
instantaneous apparent contrast or sky and ta rg e t radiance, and 3) 
photographic s lid es . For the v e r if ic a t io n  procedures, hourly average 
v is ib i l i t y  (visual range or ex tinc tio n ) fo r teleradiom eters and 
nephelometers•are required, in addition to access to standard s ta t i ­
s tic a l routines.
23
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While the above lis te d  items are s u ff ic ie n t to employ th is  tech­
nique, the time involved can be shortened considerably by the use o f 
graphics and some semi-automated procedures. In development o f th is  
methodology, several improvements were made a t various times.
I n i t i a l l y ,  teleradiom eters were scanned a t 2-minute in te rv a ls  with the 
instantaneous radiance values recorded on cassette tape. The sky and 
ta rg e t radiances (uW/sr*cm2»nm a t 550 nm) were p lo tted . An example is  
shown in  Figure 2 . A change in  the data acquis ition  system (DAS) in  
Summer 1983 precluded processing o f th is  output. Instead of recording 
the 2-minute instantaneous scans, the DAS scanned a t 1-minute in te rv a ls , 
averaged the data o ns ite , and transm itted only the hourly average via  
s a te l l i t e .  Standard deviations were also reported which yielded some 
information on the v a r ia b i l i ty  over the hour.
Each teleradiom eter was accompanied by a 35 mm camera focussed 
on the ta rg e t area. Photographs were taken a t 0900, 1200, and 1500.
A databack autom atically imprinted date and time on each s lid e .
Following processing, each s lid e  was c la s s ifie d  according to a system 
developed by Lockheed Engineering and Management Services Company,
Inc. (Lockheed-EMSCO). Each s lid e  was assigned a value in each of 
f iv e  categories: c la r i t y ,  cloud cover, p re c ip ita tio n , ta rg e t condi­
t io n , and haze. The c la s s if ic a tio n  system is shown in  Figure 3. This 
inform ation was entered in  a Data Base Management system, allowing  
easy selection o f parameters o f in te re s t.
24
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Header; S ite/Target/Year/Month/Day/Hour/Mi nute 
SSS T YY MM DD HH MM
C la r ity
1 obscured
2
3
4
5
6
7
8
9 c leares t
Cloud Cover
0 - c le a r
1- scattered
2- overcast
P re c ip ita tio n
0- none
1- ra in  or snow
2- fog or dust
Target
0- normal
1- shadowed
2- snow
3- not v is ib le
4- cloud influence near or behind
Haze
0- none
1- uniform
2- 1ayered
Figure 3. S lide  c la s s if ic a t io n  system.
26
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One additional output assisted In  the f in a l refinement o f 
Inherent contrast. A fte r In i t i a l  determination o f Inherent contrast, 
the resu ltan t standard visual range (km) values were displayed on 
gridded p lo ts . An example Is  shown In  Figure 4 . Errors In  the selec­
tio n  process resulted In  abrupt changes In  standard visual range, hour 
to hour. P a rtic u la r ly  noticeable were " ta ils "  occurring a t the begin­
ning or end of the day. The graphic representations aided In  the 
Id e n tif ic a tio n  and correction o f these erro rs . S im ilar plots of 
nephelometer data were also produced to permit an Interm ediate v e r i f i ­
cation check.
PROCEDURE
The f i r s t  step was to Id e n tify  the c le a r , cloudless hours w ith in  
each season. To do th is , two procedures were completed Independently. 
Slides were examined or an output was obtained from the c la s s ific a tio n  
system. These outputs were specified  as c la r i t y  7 to 9 , clouds 0, pre­
c ip ita tio n  0 , ta rg e t 0 , and haze 0 . The hours f i t t in g  these c r i te r ia  
were recorded. Since slides were only taken three times per day, 
guesses had to be made fo r the hours not documented by s lides . I f  
both the 0900 and 1200 slides appeared In  the l i s t ,  hours 1000 and 
1100 were also assumed to be c le a r and cloudless.
Independently, the radiance plots were examined. Clouds, except 
uniform overcast conditions, tend to produce "spikes" In  the radiance 
p lo ts . Shadow e ffec ts  were seen In the ta rg e t radiances; clouds
27
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behind ta rg e t appeared in  the sky radiance values. Dates with smooth 
curves were recorded. A fte r the change In  the DAS, the standard 
deviations were Investigated as an a lte rn a tiv e  to the p lo ts; however, 
funding lim ita tio n s  precluded automated processing of these data. 
Manual examination o f the standard deviations proved to be time- 
consuming, but necessary.
The two l is ts  resu lting  from the above examinations were cross­
checked and a fin a l l i s t  developed. As a q u a lity  control check, the 
nephelometer data fo r those hours and days were examined. Because the 
teleradiom eter and slides were d ire c tio n a l, the nephelometer values 
were used to Ind icate  conditions a t the s ite  I t s e l f ,  to ensure th at 
loca lized  dust conditions did not Influence the data. A d d itio n a lly , 
nephelometer values were ava ilab le  fo r a l l  hours o f the day, not ju s t  
the daylight hours. Poor v is ib i l i t y  a t night could Ind icate some 
lingering  e ffec ts  o f small p a rtic le s  or gases In  the daylight hours. 
Hours Indicated as c le ar and cloudless by radiance plots and s lides , 
but with poor v is ib i l i t y  by nephelometer, were elim inated.
The apparent contrast values fo r the c lear and cloudless hours 
were recorded and ranked. The "best" (most highly negative) values 
were selected fo r In i t ia l  processing. Determination of Inherent 
contrast was accomplished by setting  Equation 26 equal to 391.2 km and 
solving fo r Cq. The value 391,2 km Is  the theoretica l l im it  of 
standard visual range, V^. This can be demonstrated as follows:
Given Equation 22:
29
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3.912
cr
the le a s t value o f o' Is  the standard Rayleigh s c a tte r, b^gy, value o f
0.01 km-l;
3.912
V = - - - - - - - - -  = 391.2 km
0.01 km-l
The calculated Cg values fo r each hour were applied to the e n tire  
seasonal data se t. The resu ltan t standard visual range values were 
displayed on gridded p lo ts , as shown in  Figure 4. These plots were 
examined fo r "reasonableness" o f the values. Abrupt changes in v is ib i­
l i t y ,  i f  evidenced as a general p attern , indicated an error had been 
made in the in i t ia l  determ ination. These values were checked, 
repeating a ll  the steps previously discussed, and corrected. The most 
prevalent example of th is  type of e rro r occurred a t the beginning or 
end o f the day in  the F a ll and Winter seasons. These " ta ils "  appeared 
to be caused by the low sun angle in  those seasons which caused d ire c t  
sunlight to s tr ik e  the lens o f east-southeast or west-southwest facing  
teleradiom eters. This observation was la te r  collaborated by results  
of " fla re "  tests  (Malm, 1982), The inherent contrast values were 
re fin e d , where possible, to minimize these t a i ls .
As a q u a lity  control step a t th is  stage, the nephelometer 
standard visual range values fo r the hours 0800 -  1500 were p lo tted  on
30
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the same scale as the teleradiom eter gridded p lo ts . These were used 
fo r d ire c t visual comparison. I f  the nephelometer and teleradiom eter 
data are comparable, the plots should d isplay the same general pattern  
and magnitude, a t  le a s t fo r the periods not influenced by clouds or 
loca lized  dust storms. This step helped id e n tify  the abrupt pattern  
s h ifts  caused by errors in the inherent contrast selection process.
VERIFICATION PROCEDURES
In accordance with the assumptions, inherent contrast needs no 
refinement a fte r  the near-Rayleigh condition fo r each In terval is  
id e n tif ie d . The procedure described above was carried  out fo r each 
annual period to see i f  "b e tte r” inherent contrast values could be 
detected. In  most cases, the values were nearly identica l in  the 
second annual period. In the cases where substantial changes occurred 
between the f i r s t  and second annual period, l i t t l e  or no change was 
found by the th ird  year.
Other v e r if ic a t io n  procedures concerned the comparison of nephelo­
meter to teleradiom eter data. Median values were compared and cumula­
t iv e  frequencies were p lo tted . Linear regressions were performed, 
teleradiom eter to nephelometer. The results  o f these s ta t is t ic a l  
comparisons are presented in  Section 5 , Discussion of Results.
The influence o f clouds on teleradiom eter data was of in te re s t  
since the presence of clouds v io la tes  assumption ( f )  in  Section 2,
31
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Theory. An Investigation  was carried  out using Spring 1982 data. The 
s lid e  c la s s if ic a tio n  system and a "cloud predictor" were used to 
document cloud conditions fo r each hour. The "cloud pred icto r", 
developed by Lockheed-EMSCO, computed an estimate o f variance among 
sequential 2-minute averages as an Ind ica to r o f lig h tin g  v a r ia b i l i ty .  
The accuracy of the p red ictor was v e r if ie d  by comparison with s lides . 
The visual range values were then divided In to  "cloudy" and "clear"  
subsets. Linear regressions and standard s ta t is t ic a l tests were then 
carried  out with the various data sets and the nephelometer data set. 
The resu lts  are discussed In  Section 5, Discussion of Results.
32
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
SECTION 4 
APPLICATION OF METHODOLOGY
The methodology presented here was developed and tested using 
data from six targets a t three s ites  in the Mojave Desert o f C a lifo rn ia . 
Two of the targets were used throughout the period o f study; Summer 
1981 through Spring 1984. Two other targets were used only fo r the 
period Summer 1981 through Spring 1982. The fin a l two targets were 
used Summer 1982 through Spring 1984. This section presents background 
information about the study area, s ites  and ta rg e ts , and the ins tru ­
mentation used.
STUDY DESCRIPTION
The southern C a lifo rn ia  desert area is  depicted in Figure 5 . The 
area is  sparsely populated, and a large  percentage of the land is  
under Federal management. Death V a lley  and Joshua Tree National 
Monuments are located in  the general area. M ilita ry  in s ta lla tio n s  in  
the desert area include F ort Irw in , Edwards A ir  Force Base, China Lake 
Naval Weapons Center, Twenty-nine Palms Marine Corps Base, and George 
A ir Force Base. Most o f the rest o f the area is  under management of 
Bureau of Land Management. To the west, the area is  bounded by National 
Forests, including Los Padres, Angeles, and San Bernardino. These 
forests are p rim arily  mountainous areas which separate the coastal
33
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urban areas from the in te r io r  desert regions. Passes through the 
mountain areas are channels fo r p o llu tio n  from the urban areas. With­
in  the desert region, possible sources o f p o llu tio n  Include m ilita ry  
a c t iv i t ie s ,  mining, o ff-road  veh ic le  use, and the small population 
centers a t Barstow and Lancaster. Three major roadways. In te rs ta te  
15, U.S. 40 and S tate  Route 395, pass through the area, carrying  
t r a f f ic  to and from the Los Angeles area.
As shown In  Figure 6 , most o f the desert region experiences good 
v is ib i l i t y ,  although v is ib i l i t y  leve ls  rap id ly  decrease upon approaching 
the coastal urban area. Transport o f po llu tion  from these urban areas 
Is  one of the primary concerns o f the v is ib i l i t y  monitoring study.
The other primary concern Is  the Impact o f v is ib i l i t y  on local 
a c t iv it ie s .
From July 1981 u n til June 1982, the study consisted of stations  
a t Iron Mountain and F ort Irw in . The Iron Mountain s ta tion  was removed 
In  June 1982 and the equipment subsequently relocated to a new station  
a t Edwards A ir  Force Base. Each o f these stations was equipped to 
monitor meteorological conditions, v is ib i l i t y ,  and airborne p a rtic le s . 
The specific  equipment, used u n til Ju ly  1983, Is  summarized In  
Table 1. In Ju ly 1983, meteorological systems were replaced with  
Cllmatronlcs modular systems and Handar Data C ollection  Platforms were 
added fo r s a te l l i t e  data transmission. P a rt ic le  samplers were removed 
and la te r  replaced with 2 x 4  samplers and Davis Rotating Universal 
M ultistage (DRUM) samplers.
35
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TABLE 1. 
Parameter
IRON MOUNTAIN AND FORT IRWIN MONITORING INSTRUMENTATION
Instrument Range
Radiance MR I 3030 Multiwavelength 
Telephotometer
0 to 50 uW/sr*cm2»nm a t  
405, 450, 550, and 
630 nm
®scat MRI 1562 or 1592 In tegra ting  Nephelometer
0 to 2 .5  X  10-4 ^-1
Color Slides Olympus OM-2 with 135 mm 
lens, UV f i l t e r ,  and 
RecorData back 3
P a rtic le s AeroVironment SFS-500 
and coarse and fin e  
f i l t e r  sampler
15 to 2.5 urn diameter 
less than 2.5 pm d ia­
meter
Wind Speed/ 
Wind D irection
R.M. Young 8002 C 
Propvane/Translator
0 .5  to 54 m/s 
0" to 540"
Temperature/ 
Dewpoi n t/
R e la tive  Humidity 
(c a lc u lated)
E lectro  Mech Products 
CTE 84DB Dewpoint 
Hygrometer
-34 to +38"C 
-34 to +27"C 
0-100% (calcu lated)
Data
Acquisition
Memodyne 3243 or 3221 
Data Logger
0-10 vo lts
SITE AND TARGET DESCRIPTIONS
The Iron Mountain s ite  was selected to monitor a v a rie ty  of 
potential impacts. The Cadiz V a lley  and the Rice Valley have been 
considered as potentia l power p lant locations. The selected s ight paths 
alTowed determination of the baseline v is ib i l i t y  in  each o f these areas. 
This s ite  also overlooked the Johnson V a lley  to Parker o ff-road  vehicle  
race route which allowed a study of the impact o f these a c t iv it ie s  on 
v is ib i l i t y .  F in a lly , th is  s ite  was valuable in  assessing the impact of
.37
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
the southern C a lifo rn ia  urban areas on th is  portion of the Mojave 
Desert.
L ike Iron Mountain, the Fort Irw in  s ite  provided information on 
Impacts from a number o f sources. The Ord Mountain sight path passed 
between the Stoddard V a lley  Recreation Vehicle Area and the Pisgah 
Lava Flow Research Natural Area. This sight path also crossed In te r­
s ta te  Highway 15, U.S. Marine Corps Yermo area and the area east of 
the Johnson V a lley  Route, Based on the p revailing  wind d irection  in  
th is  area, th is  s ight path provided inform ation on the impact o f 
o ff-road  vehicle use and the impact of the southern C a lifo rn ia  urban 
areas on the eastern Mojave Desert. The Granite Mountains sight path 
combined with the Iron Mountain s ight paths provided almost continuous 
v is ib i l i t y  monitoring along a l in e  extending from the Big Maria 
Mountains to Fort Irw in .
The Edwards A ir  Force Base s ta tio n  contained two teleradiom eters.. 
The Haystack Butte s ight path passed across Rogers Lake (dry) which is  
used as a landing area fo r the NASA space sh u ttle  and other m ilita ry  
operations. The San Gabriel Mountains ta rg e t lay  between Soledad 
Canyon and Cajon Pass. Both are considered important corridors for 
po llu tion  passage from the Los Angeles -  Riverside -  San Bernardino 
urban areas. See Table 2 fo r  geographic coordinates and elevations of 
targets and s ta tio n s .
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TABLE 2. TELERADIOMETER TARGET DESCRIPTIONS
VD
Station/Target Coordinates Elevation(m) Distance(km) Azimuth(*true)
Elevation
Angle("vertical)
Iron Mountain 34"11'00"N,115'07'08"W 247Big Maria 33'53'18"N,114"38'40"W 671 54.2 127 0.448MountainsShip Mountains 34'30'28"N,115"22'39"W 671 43.4 326 0.560
Fort Irwin 35'12'04"N,116°42'28"W 1042Granite 34'49'22"N,115°42'22"W 1542 99.9 115 0.276MountainsOrd Mountains 34"14'20"N,116'45'43"W 1585 60.5 185 0.514
Edwards 34*52'42"N,117'59'31"W 785Haystack Butte 34'51'49"N,117'37'23"W 1039 33.7 93 0.432San GabrielMountains 34°22'50"N,117°44'01"W 2304 57.7 157 1.508
VISIBILITY INSTRUMENTATION
Three methods were used to monitor v is ib i l i t y .  A nephelometer 
was used to determine the scattering  c o e ffic ie n t a t each s ta tio n . 
Outside a i r  is  drawn in to  a sp ec ia lly  illum inated  sample chamber where 
the amount o f scattering  is  measured. Based on assumptions outlined  
by Malm (1979) and Archer (1981), the scattering  c o e ffic ie n t can be 
used to compute visual range as shown in  Equations 22 through 28. 
V is ib i l i t y  over a long path was monitored by a teleradiom eter. The 
teleradiom eter measures the contrast between a mountain targe t and its  
background sky a t 1 or 4 wavelengths. Using Equation 26, as derived 
in  Section 2, Theory, the contrasts measured in  the green wavelengths 
(550 nm) are converted to visual range. F in a lly , cameras photographed 
each ta rg e t three times per day. These photographs provided a quali­
ta t iv e  record o f the v is ib i l i t y  and meteorological conditions. A ll 
v is ib i l i t y  measurements were made in accordance with “Interim  Guidance 
fo r V is ib i l i t y  Monitoring" (U .S. EPA, 1980). The following subsections 
contain a b r ie f  description of the v is ib i l i t y  instruments used in  th is  
study.
MR I V is ta  Ranger Model 3030 Contrast Telephotometer
Two photodetectors are used to measure targe t and sky radiance 
values. E lectronics are provided to give a continuous voltage output 
of the radiance values. A f i l t e r  wheel is  located in fron t of the 
photodetectors which has four narrow bandpass f i l t e r s  with the central
40
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transmission wavelength centered a t 405 nm (u lt r a v io le t ) ,  450 nm 
(b lu e ), 550 nm (green), and 630 nm (re d ). The f i l t e r  wheel may be 
disabled to provide continuous measurements through a single f i l t e r .
The manufacturer specifies an output accuracy o f ±Z percent. The 
temperature operating range is  -30 to +50"C, re la t iv e  humidity range is  
0 to 95 percent and the u n it is  not a ffected  by a lt itu d e  or pressure 
changes.
MRI Model 1562 and 1592 In tegrating  Nephelometers
The nephelometer measures the scattering  c o e ffic ie n t o f a ir  drawn 
through i ts  sampling chamber. High in te n s ity  l ig h t  from a tungsten- 
halogen lamp continuously illum inates the chamber a fte r  passing an 
opal glass d iffu s e r.
A reference phototube regulates the l ig h t  in te n s ity . The lig h t  
scattered over angles from 7 to 170 degrees is  measured by a photo­
m u lt ip lie r  tube over d iscrete  time in te rv a ls . Kodak Wratten f i l t e r s  
(No. 58) are placed before the detectors to approximate response in  
the visual wavelength region centered a t  530 nm.
A f i l te r e d  ambient a i r  reference system is  fabricated using a 
Rotron blower and Mine Safety Appliance (MSA) glass fib e r  f i l t e r s .  An 
automatic tim er in it ia te s  the f i l t e r e d  ambient a ir  c a lib ra tio n  check
41
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by shutting o f f  the nephelometer sampling pump and activa ting  the 
Rotron blower.
The manufacturer specifies overall measurement accuracy a t ±10 
percent of scale over an operating range of 0 to 2.5 x lO r* m-1 
scattering  c o e ff ic ie n t, b. The temperature operating range is from 
-18 to 54*C. The sampling chamber is  a t ambient pressure and thus the 
measurement is  a lt itu d e  dependent. In  Ju ly  1983, the units used in  
th is  study were modified to improve s ta b i l i ty  o f the measurements.
The operating range was doubled to 0 to 5 .0  x 10"^ m"̂  scattering  
c o e ffic ie n t.
Olympus OM-2 35 mm Camera
A s ing le -lens re fle x  camera with automatic exposure con tro l.
Winder 1 f ilm  advance u n it , 36 frame film  pack, and a V iv ita r  automatic 
135 mm f /2 .8  lens is  used to take co lor transparencies a t 0900, 1200, 
and 1500 hours every day. Photos are taken o f the teleradiom eter 
ta rg e ts . An external power supply powers the film  winder, and a timer 
controls the shutter. The lens aperture is  set a t f /8 ,  and the shutter 
speed is  e le c tro n ic a lly  varied fo r proper exposure. The exposure time 
is  recorded by the data system (Memodyne^“ systems o n ly ). Kodak 
Kodachrome™ 25 f ilm  is  used. The film  is  developed by Kodak Labora­
to r ie s .
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DATA ACQUISITION SYSTEMS (DAS)
Mention was made previously o f a change In the DAS in  Ju ly  1983 
which a lte red  the outputs ava ilab le  to the determination of Inherent 
contrast technique. The follow ing subsections contain a b r ie f  descrip­
tio n  of the p a rtic u la r DAS's used. The Memodyne’̂“ was used p rio r to 
Ju ly  1983; th e re a fte r , the Handar was the primary DAS.
Memodyne Model 3243 Data Logger
Memodyne Model 3243 Is  a cassette data logger th a t w ill record 
up to 16 channels o f common reference analog data a t selected time 
In te rv a ls . The analog input signal fo r  th is  u n it Is  lim ited  to between 
0 and 10 vo lts  d ire c t current (VDC).
The timing clock Is  a c ry s ta l-c o n tro lle d  o s c illa to r  which Is  used 
to tr ig g e r the periodic scanning of the Input channels. The time and 
Ju lian  date are recorded fo r each scanning sequence.
A m ultip lexer selects each Input. The Inputs are converted from 
analog to d ig ita l In  hexideclmal code ( In  2.5 mv Increments). The 
hexidecimal number Is  recorded on the u n it 's  data cassette via the 
w rite /s te p  In te rfac e  and transport mechanisms.
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Handar Environmental Data C o llection  System
The Handar 540 is  a th ird  generation microprocessor-based environ­
mental data co lle c tio n  system. The main application  of the system is  
in  monitoring environmental measurments in  remote, h a rd -to -fin d , or 
exposed locations.
The data are transm itted to one of the geostationary s a te ll ite s  
a t in te rv a ls  assigned by the s a te l l i t e 's  co n tro llin g  agency. The 
s a te l l i t e  translates the received signal from 402 MHz to 1694 MHz and 
then transmits the data to a ground s ta tio n . At Wallops Is land, the 
signal is  demodulated, data recovered, and sent to the Central Data 
D is trib u tio n  F a c il i ty  in  Camp Springs, Maryland. The data is stored 
here fo r dissemination to the individual users. The system operates 
on d ire c t current power a t a voltage o f 12.5 VDC ±1 .5 . A voltage of 
less than 11.0 VDC resu lts  in  a loss of memory and term ination of data 
transmissions. The system is operational in  temperatures of -40"C to 
+50*C in  humidity up to 100 percent. The u n it w ill  accept up to 99 
analog and d ig ita l inputs. O n-site data processing is  permitted 
through user-developed software on interchangeable ROM modules.
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SECTION 5 
DISCUSSION OF RESULTS
The determination o f inherent contrast methodology presented here 
was employed to process data from three v is ib i l i t y  monitoring stations  
operated fo r  various lengths o f time in  the Mojave Desert area of 
C a lifo rn ia . S p e c ific a lly , the s ta tions, ta rg e ts , and lengths of 
operation were:
Station
Iron Mountain 
Iron Mountain
Fort Irw in  
F ort Irw in
Edwards AFB 
Edwards AFB
Target
Big Maria Mountains 
Ship Mountains
Granite Mountains 
Ord Mountains
Length o f Operation
Suiraner 1981 through Spring 1982 
Summer 1981 through Spring 1982
Summer 1981 through Spring 1984 
Summer 1981 through Spring 1984
Haystack Butte Summer 1982 through Spring 1984
San Gabriel Mountains Summer 1982 through Spring 1984
Locations and descriptions of these stations and targets are provided 
in  Section 4 , A pplication o f Methodology.
Selection o f the c le a re s t cloudless hours, ca lcu lation  of 
inherent contrast from the apparent contrast fo r those hours, re fin e ­
ment o f the inherent contrast values, and, f in a l ly ,  processing of the 
seasonal apparent contrast data sets to units of standard visual range 
(km) completed ap p lication  of the methodology. Thereafter, several
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
techniques were used to attempt to establish  the v a lid ity  o f the 
methodology. These included re p e titio n  o f the methodology in  succes­
sive years to determine the re p ro d u c ib ility  o f the inherent contrast, 
comparisons of median visual range values and cumulative frequency 
d is tr ib u tio n s , and lin e a r  regressions of teleradiom eter to nephelometry 
data. One lim ited  s ta t is t ic a l analysis using Spring 1982 visual range 
data was undertaken to investigate  the influence of clouds on the 
teleradiom eter data.
DETERMINATION OF INHERENT CONTRAST
The Iron Mountain sta tion  began operation in  la te  May 1981; the 
Fort Irw in  s ta tio n  followed in  Ju ly  1981. The Fort Irw in sta tion  was, 
th ere fo re , e ith e r not yet in s ta lle d  or in an in i t ia l  "shakedown" 
period fo r most o f the Summer 1981 season. Data recoveries were low; 
some near-Rayleigh condition periods were indicated by s lides , but 
v a lid  teleradiom eter data did not coincide with these periods. As an 
a lte rn a tiv e  methodology, cloudless (but not c lear) periods were id e n ti­
fie d  from s lid e s . An inherent contrast was calculated as per Equation 
26, but with the standard visual range, V,., set to the nephelometer 
standard visual range value fo r th a t hour instead of 391.2 km. Con­
current nephelometer and teleradiom eter data were not ava ilab le  fo r  
the Granite Mountains ta rg e t; th ere fore , inherent contrast was not 
determined fo r th is  ta rg e t fo r Summer 1981.
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Thereafter i t  was possible to apply the inherent contrast deter­
mination technique to a l l  ta rg e ts , a l l  seasons. In F a ll and Winter 
1981, several refinements were necessary to elim inate " ta ils "  a t the 
beginning or end o f the day on east-southeast and west-southwest 
facing teleradiom eters. In 1982 and 1983, additional b a fflin g  was 
added to the teleradiom eters in  an attempt to reduce " f la re " , i . e . ,  
d ire c t sunlight s tr ik in g  the ob jective  lens of the teleradiom eter. 
A d d itio n a lly , slanted polyv iny lch loride (PVC) extensions were added to 
the teleradiom eter portholes on the v is ib i l i t y  shelter; these were 
painted f l a t  b lack.
In  Spring 1982, the Lockheed-EMSCO developed "cloud predictor" 
program was added. The cloud predictor computes an estimate o f the 
variance among sequential 2-minute instantaneous scans as an ind icator 
of lig h tin g  v a r ia b i l i ty ;  i . e . ,  clouds and shadowing by clouds. The 
accuracy o f the program was v e r if ie d  fo r the Fort Irw in  and Iron  
Mountain teleradiom eters by comparison to slides fo r the concurrent 
hours. The use o f the program served two purposes. F ir s t ,  i t  e lim i­
nated the need to estim ate cloud conditions for the hours not repre­
sented by s lid e s . Secondly, i t  permitted a subset o f c lear hours to 
be lis te d ; inherent contrast determination proceeded using only th is  
subset. Consequently, no refinements were necessary a fte r  the in i t ia l  
inherent contrast determination process.
Although the cloud p red icto r appeared to be successful and 
opened up the p o s s ib ility  o f semi-automating the inherent contrast
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determ ination procedure, i t  was not used a fte r  Spring 1982. In June 
1982, the Iron Mountain s ta tion  was discontinued, with the sh e lte r and 
a l l  o f the equipment subsequently relocated to Edwards AFB. The cloud 
pred ictor accuracy could not be v e r if ie d  fo r Edwards AFB teleradiom eters  
u n til a substantial photographic s lid e  set was obtained. Therefore, 
to avoid delaying processing and to maintain consistency between the 
two s ta tio n s , the cloud predictor was dropped. The single season with  
complete cloud documentation was used to investigate the influence of 
clouds on the teleradiom eter visual range data as discussed in the 
Cloud Influence Investigation  Section.
The assumptions necessary to th is  technique include the occurrence 
of near-Rayleigh conditions a t some point in a given season. Therefore, 
i t  was expected th a t the inherent contrast values calculated fo r the 
f i r s t  year of operation would be refined in subsequent years. The 
removal o f the Iron Mountain sta tion  precluded any fu rther refinement 
of the inherent contrast fo r th is  s ite .  The inherent contrast deter­
mined fo r the single year o f monitoring a t th is  s ite  are shown in  
Tables 3 and 4.
As Fort Irw in  entered i ts  second year of operation and Edwards 
AFB began i ts  f i r s t ,  the technique, without the cloud pred ictor, 
continued to be used. Summer 1982 was the f i r s t  time inherent contrast 
could be determined fo r G ranite Mountains and the f i r s t  time the 
technique could be fu l ly  employed fo r the Ord Mountains ta rg e t. Fa ll 
1982 was the f i r s t  time d ire c t comparisons could be made fo r the use
48
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TABLE 3 . INHERENT CONTRAST, BIG MARIAS TARGET
Summer F a ll Wi nter Spring
Hour 1981 1981 Hour 1981, 1982 1982
0800 -0.850 -0.959 0800 -0.774 -0.885
0900 -0 .780 -0 .793 0900 -0.756 -0.811
1000 -0 ,750 -0.738 1000 -0.738 -0.756
1100 -0 .700 -0 .682 1100 -0.719 -0.701
1200 -0 .560 -0.645 1200 -0.701 -0.682
1300 -0 .500 -0 .515 1300 -0.682 -0.664
1400 -0 .470 -0 .590 1400 -0.664 -0.608
1500 -0 .470 -0 .553 1500 -0.701 -0.516
S S  S  S  3  3  S 3 3 3 3
TABLE 4 .
—  M  M  9  f i  «a
INHERENT CONTRAST, SHIP MOUNTAINS TARGET
4  *»# ^ 3
Summer F a ll Wi nter Spring
Hour 1981 1981 Hour 1981, 1982 1982
0800 -0.420 -0.441 0800 -0.506 -0.555
0900 -0 .390 -0 .424 0900 -0.506 -0.539
1000 -0 .410 -0.408 1000 -0.490 -0.522
1100 -0 .450 -0.457 1100 -0.506 -0.539
1200 -0 .460 -0.457 1200 -0.539 -0.588
1300 -0.470 -0.539 1300 -0 .604 -0.637
1400 -0 .510 -0.555 1400 -0.653 -0.735
1500 -0 .690 -0 .686 1500 -0.735 -0.702
o f the technique in  two consecutive years. Neither the Granite  
Mountains nor the Ord Mountains showed any s ig n ific a n t change in ca l­
culated inherent co n tras t. The technique was again employed indepen­
dently fo r Winter 1982-83 and Spring 1983. Some s lig h t changes were 
made fo r some hours in  both seasons. For the Ord Mountains ta rg e t, 
these changes were lim ite d  to 3 hours in  Winter and 1 hour in  Spring, 
with the inherent contrast improving (more highly negative) in a ll  
cases. The changes were s lig h t .  The Granite Mountains ta rge t showed
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changes in  the f i r s t  hour In  Winter and a ll  hours in Spring. These 
changes were of a la rg e r magnitude than observed in the Ord Mountains 
ta rg e t values. The G ranite Mountains ta rg e t is  almost 40 km fu rth er  
d is ta n t from the Fort Irw in  s ta tion  than the Ord Mountains ta rg e t. A 
small change in  the apparent contrast value used to ca lcu la te  inherent 
contrast produces a la rg e r change in  the inherent contrast a t greater 
values of r .
In  Summer 1983, Edwards AFB entered i ts  second year of operation  
w hile Fort Irw in  began i ts  th ird . Except fo r Haystack Butte Summer, 
a l l  hours, and 1 hour fo r San Gabriel Mountains Spring, a l l  values 
improved (more h ighly negative) in  the second year o f operation.
Most o f the changes were o f a s ig n ific a n t magnitude, indicating near- 
Rayleigh conditions were v ir tu a lly  non-existent in  the f i r s t  year of 
monitoring. With the exception o f Ord Mountains Summer, some changes 
were also observed in a t  le a s t some o f the hours fo r both Fort Irw in  
ta rg e ts , a l l  seasons. Most o f these changes were s lig h t, except fo r  
Granite Mountains Summer. This was the second year fo r that target 
and the changes were consistent with the changes noted fo r the San 
Gabriel Mountains Summer values.
The inherent contrast values determined fo r each of the above 
discussed targets are presented in  Tables 5 , 6 , 7 , and 8 . I t  should 
be noted th at a change in  the DAS a t both stations occurred in  July  
1983. Thereafter, the radiance plots used to determine cloud impacts 
were not a v a ilab le . The co n tribu tio n , i f  any, of th is  output loss to
50
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Hour
TABLE 5 . INHERENT 
Summer 1981
CONTRAST, GRANITE MOUNTAINS 
Summer 1982
TARGET
SSSSS3333 3 3S3S3
Summer 1983
0800 -0.193 -0.361
0900 - -0 .212 -0.377
1000 - -0 .210 -0.442
1100 - -0.218 -0.445
1200 - -0 .204 -0.417
1300 - -0 .187 -0.403
1400 - -0 .210 -0 .400
1500 — -0.254 -0.411
Hour F a ll 1981 F a ll 1982 F a ll 1983
0800 -0 .7 83 -0 .783 -0 .923
0900 -0.699 -0.699 -0.760
1000 -0 .699 -0.699 -0.730
1100 -0 .643 -0.643 -0.688
1200 -0 .587 -0.587 -0.646
1300 -0 .615 -0.615 -0.615
1400 -0 .671 -0.671 -0.671
1500 -0.643 -0 .643 -0.696
Hour Winter 1981, 1982 Winter 1982, 1983 Winter 1983. 1984
0800 -0 .783 -0 .923 -0.939
0900 -0.839 -0.839 -0.839
1000 -0 .783 -0 .783 -0.783
1100 -0 .727 -0.727 -0.735
1200 -0 .671 -0.671 -0.702
1300 -0 .727 -0.727 -0.727
1400 -0 .7 83 -0 .783 -0.783
1500 -0 .783 -0.783 -0.783
Hour Spring 1982 Spring 1983 Spring 1984
0800 -0 ,475 -0.699 -0.699
0900 -0 .419 -0 .660 -0.660
1000 -0 .475 -0 .604 -0 .604
1100 -0.475 -0 .554 -0.554
1200 -0.419 -0 .495 -0.517
1300 -0.391 -0.428 -0.486
1400 -0.391 -0 .405 -0.475
1500 -0.391 -0.411 -0.486
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TABLE 6 . INHERENT CONTRAST, ORD MOUNTAINS TARGET
Hour Summer 1981 Summer 1982 Summer 1983
0800 -0 .640 -0.422 -0.422
0900 -0 .590 -0.422 -0.422
1000 -0 .700 -0.437 -0.437
1100 -0 .870 -0.417 -0.417
1200 -0 .790 -0 .400 -0.400
1300 -0 .790 -0.432 -0.432
1400 -0 .790 -0 .433 -0.433
1500 -0 .850 -0 .473 -0.473
Hour F a ll 1981 F a ll 1982 F a ll 1983
0800 -0 .726 -0 .726 -0.822
0900 -0 .670 -0 .670 -0.804
1000 -0 .688 -0 .688 -0.794
1100 -0.707 -0.707 -0.792
1200 -0 .7 44 -0.744 -0.744
1300 -0.763 -0 .763 -0.763
1400 -0 .912 -0.912 -0.912
1500 -0.837 -0.837 -0.861
Hour Winter 1981. 1982 Winter 1982. 1983 Winter 1983, 1984
0800 -0 .912 -0.912 -0.912
0900 -0 .893 -0.893 -0.893
1000 -0.819 -0.872 -0.893
1100 -0.856 -0.867 -0.867
1200 -0.837 -0 .850 -0.876
1300 -0.856 -0.856 -0.902
1400 -0.856 -0.856 -0.891
1500 -0.912 -0.912 -0.912
Hour Spring 1982 Spring 1983 Spring 1984
0800 -0 .707 -0 .707 -0.707
0900 -0.651 -0.651 -0.651
1000 -0 .595 -0 .595 -0.595
1100 -0 .577 -0.595 -0.605
1200 -0 .614 -0 .614 -0.623
1300 -0 .614 -0 .614 -0.651
1400 -0 .614 -0 .614 -0.655
1500 -0.651 -0.651 -0.673
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TABLE 7 . INHERENT CONTRAST, HAYSTACK BUTTE TARGET
Hour Summer 1982 Summer 1983
0800 -0 .531 -0.531
0900 -0 .564 -0.564
1000 -0 .555 -0.555
1100 -0.522 -0.525
1200 -0 .518 -0.518
1300 -0.500 -0.500
1400 -0.465 -0.465
1500 -0 .452 -0.452
Hour F a ll 1982 F a ll 1983
0800 -0 .683 -0 .703
0900 -0 .634 -0.648
1000 -0 .553 -0 .620
1100 -0.498 -0.600
1200 -0 .460 -0.587
1300 -0.448 -0.583
1400 -0 .484 -0 .593
1500 -0.505 -0.666
Hour Winter 1982, 1983 Winter 1983, 1984
0800 -0 .757 -0.886
0900 -0.697 -0.829
1000 -0 .647 -0.772
1100 -0 .595 —0.710
1200 —0.568 -0.664
1300 -0.557 -0.658
1400 -0 .563 -0.653
1500 -0 .565 -0.689
Hour Spring 1983 Spring 1984
0800 -0 .604 -0.754
0900 -0 .585 -0.730
1000 -0 .591 -0.676
1100 -0 .584 -0.636
1200 -0 .587 -0.610
1300 -0 .554 -0.574
1400 -0 .5 33 -0.561
1500 -0 .528 -0.565
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TABLE 8 . INHERENT CONTRAST, SAN GABRIEL MOUNTAINS TARGET
Hour Summer 1982 Summer 1983
0800 -0 .513 -0.575
0900 -0 .376 -0.379
1000 -0 .301 -0.388
1100 -0.315 -0.413
1200 -0 .246 -0.440
1300 -0.232 -0.413
1400 -0 .196 -0.379
1600 -0 .123 -0.376
Hour F a ll 1982 F a ll 1983
0800 -0 .664 -0 .794
0900 -0.623 -0.769
1000 -0 .584 -0.718
1100 -0.554 -0.652
1200 -0 .536 -0.650
1300 -0.531 -0.672
1400 -0.527 -0.684
1500 -0.543 -0.682
Hour Winter 1982, 1983 Winter 1983, 1984
0800 -0 .782 -0.886
0900 -0 .734 -0.829
1000 -0 .695 -0.772
1100 -0 .634 -0.710
1200 -0 .615 -0.664
1300 -0 .600 -0.658
1400 -0 .606 -0.653
1500 -0.647 -0.689
Hour Spring 1983 Spring 1984
0800 -0 .709 -0.709
0900 -0 .509 -0.691
1000 -0 .493 -0.675
1100 -0 .486 -0.650
1200 -0 .488 -0.615
1300 —0.488 -0.622
1400 -0 .492 -0.565
1500 -0 .502 -0.559
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the observed changes in  inherent contrast Is  not known. The small 
magnitude of the changes In  Inherent contrast from year to year tends 
to  support both the contention th a t the methodology produces repeatable 
resu lts  and the o rig in a l assumption th a t tru e  inherent contrast is a 
constant fo r a given hour w ith in  a season. The methodology presented 
here permits an estim ation of th a t constant, with subsequent analysis 
o f successive years serving to re fin e  th a t estimate closer to the true  
value. The minimum number o f years needed to produce a close approxi­
mation of the true value is  dependent la rg e ly  upon the frequency of 
occurrence of c le a r , cloudless days. As demonstrated here, one year 
may be s u ff ic ie n t , although a t le a s t two years is  preferable to permit 
v e r if ic a tio n  and refinem ent. In  most cases, values were improved 
(more highly negative) in  the second year, although in some cases 
they did not change or changed only s lig h t ly .  In only one case (Ord 
Mountains Summer 1982) did the values go down. This appears to be 
caused by an a lte rn a tiv e  technique, using nephelometer data, which was 
employed in Summer 1981. By the th ird  year o f operation a t Fort 
Irw in , the inherent contrast values appear to be nearly constant.
While th is  discussion indicates the methodology is  capable of 
producing consistent resu lts  from year to year, i t  has not ye t been 
demonstrated th a t these resu lts  are accurate. Demonstrating accuracy 
is  d i f f ic u l t  w ithout designing and conducting extensive laboratory  
experiments with black ta rg e ts . However, the assumptions given in 
Section 2, Theory, in d ica te  standard visual range should be comparable, 
teleradiom eter to teleradiom eter in  a given a ir  mass, and te le rad io -
. 55
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meter to nephelometer In  a given a ir  mass. Several such comparisons 
were conducted; the resu lts  are discussed in  the following subsec­
tio n s . F ir s t  though, i t  was necessary to investigate the impacts of 
clouds on teleradiom eter data, since the presence of clouds v io la tes  
assumption ( f )  in  Section 2 , Theory.
CLOUD INFLUENCE INVESTIGATION
Assumption ( f )  o f Koschmieder's Theory, as stated in Section 2, 
Theory, is :
"All parts o f the atmosphere in the horizontal plane 
are equally illum inated" (M iddleton, 1968).
Clouds and the shadowing caused by clouds v io la tes  th is  assumption.
An investigation  was carried  out using Spring 1982 teleradiom eter 
standard visual range data to determine how the data set is  affected  
by v io la tions of th is  assumption.
P rio r to discussing th is , however, i t  is  necessary to include ' 
some notes about the structure o f the teleradiom eter standard visual 
range data sets. F ir s t ,  v i s ib i l i t y  cannot be defined i f  the target is  
not v is ib le  (apparent contrast -  0 ) .  S im ila r ly , v is ib i l i t y  cannot 
be defined i f  the apparent contrast is  p os itive  ( i . e . ,  ta rg e t b righter 
than sky). Both o f these cases are apparent in  Equation 26; in  the 
f i r s t  case, the Cq/C^ term involves d iv is io n  by zéro, in the second 
case, the terra Co/Cp is  negative and the natural logarithm cannot be
56
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taken. As a consequence of the f i r s t  case, the minimum detectable  
visual range is  the ta rg e t distance, r .  Since the targets are o f 
d if fe re n t  distances, th is  autom atically skews the data sets. To 
a lle v ia te  th is  problem, a category known as "visual range less than 
ta rg e t distance" is  employed.
At the other end o f the visual range scale, v is ib i l i t y  cannot be 
defined fo r  apparent contrasts more h ighly negative than the values 
used to ca lcu la te  inherent contrast. As seen in  Equation 26, i t  is  
mathematically possible to ca lcu la te  a standard visual range, but the 
value is  greater than 391.2 km. However, in  Equation 23, extinction  
is  then less than 0,01 km~^, implying that scatter is  less than 
Rayleigh scatter which is  a physical im p o ss ib ility  in the ambient 
world. Therefore, another category was created, known as "visual 
range greater than 391.2 km".
The e ffe c t o f clouds on teleradiom eter measurements may be divided 
in to  four general classes:
1. Low clouds obscuring the ta rg e t.
2 . White clouds behind the ta rg e t.
3 . Black clouds behind the ta rg e t.
4 . Overhead clouds casting shadows on the ta rg e t.
In theory, a l l  o f these w ill  f a l l  in to  the "less than target
distance" or "greater than 391.2 km" categories. In the f i r s t  class,
57
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the ta rg e t is  not v is ib le  (apparent contrast = 0 ) .  In the second 
and fourth  cases, the white background or dark ta rg e t w ill cause the 
apparent contrast to be more highly negative than under Rayleigh 
conditions (sky radiance >> ta rg e t radiance). In the th ird  class, the 
ta rg e t is  not v is ib le  i f  dark (apparent contrast = 0) o r, i f  the 
ta rg e t is  l ig h t ,  the apparent contrast is  positive (ta rg e t radiance 
> sky rad iance). The investigation  discussed below was carried  out 
to determine i f  r e a l i ty  approximated theory.
The cloud pred ictor program provided an ind ication  of the presence 
of clouds fo r each visual range value. As a f i r s t  step, "clear" and 
"cloudy" subsets were created. A ll of the hours in  the "greater than 
391,2 km" category indicated cloud influence, as expected. The "less 
than ta rg e t distance" category contained both c lear and cloudy hours, 
also as expected. The remaining values were also a mixture o f c lear 
and cloudy hours. This was not unexpected, since a cloud condition  
which persists fo r only part o f the hour may bias the average without 
resu lting  in  rénovai to one o f the undefined visual range categories.
Linear regressions were performed comparing nephelometer data to 
the "clear" and "cloudy" hour subsets, as well as the data set as a 
whole. Standard s ta t is t ic a l  tests  fa ile d  to show any consistent 
s ig n ific a n t d iffe ren ce  among the various subsets. Plots of the lin e a r  
regression lin es  i l lu s t r a te  the s im ila r it ie s  among the subsets; an 
example is  shown in  Figure 7. The s lig h t d ifference between the 
"clear" and "cloudy" subsets is  most pronounced a t high visual range
58
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Figure 7. Illustration of cloud effects (Iron Mountain, Ship Mountains, Spring 1982).
le v e ls . Ind icating  th a t some of the class (2 ) ,  ( 4 ) ,  and (3 , i f  target 
lig h t-c o lo re d ) conditions are not removed; i . e . ,  th a t the apparent 
contrast is  not more highly negative than under Rayleigh conditions. 
This s itu a tio n  occurs when the e ffe c t o f actual extinction  p a r t ia lly  
o ffs e ts  the e ffe c t o f the clouds or shadows. Stated conversely, the 
e ffe c t  o f the clouds or shadows is  to produce a more highly negative 
apparent contrast than caused by true ex tinc tio n , hence producing a 
visual range greater than the true value. However, as shown In  Figure 
7 , th is  e ffe c t is  s lig h t and not s ta t is t ic a l ly  s ig n ific a n t.
This analysis sugggests th at clouds do not s ig n ific a n tly  bias the 
teleradiom eter data sets. However, th is  holds true only fo r those 
types o f analyses in  which the undefined visual range categories may 
be elim inated. In  many types o f analyses, i t  is  not possible to e lim i­
nate these categories, p a rtic u la r ly  the "less than targe t distance" 
category which contains values resu lting  from extinction  as well as 
the e ffec ts  o f clouds.
TELERADIOMETER TO TELERADIOMETER COMPARISONS
Two techniques were employed to compare the two teleradiometers 
a t each s ta tio n . F ir s t ,  the median standard visual range fo r each 
season and annual period were compared. Secondly, cumulative frequency 
d is trib u tio n  plots fo r each season and annual period were constructed 
and compared. Because each s ta tio n  began operation in  Summer, annual 
periods of Summer through Spring have been used rather than calendar 
years.
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The median standard visual range values are shown in  Table 9 . 
Nephelometer median standard visual range values fo r the same hours 
(0800-1500) are also shown, but w ill  be discussed in the Teleradiometer 
to Nephelometer Comparisons Section. In determining the median values, 
the “visual range greater than 391.2 km" values were deleted, but i t  
was necessary to re ta in  the "less than targe t distance" category 
because o f the d if fe re n t ta rg e t distances a t each s ta tion .
The median values fo r each of the two teleradiometers show reason­
able agreement in  most cases. In the single year of monitoring a t 
Iron Mountain, the d iffe ren ce  in the medians was less than 15 km 
except in  Spring. However, some medians were dram atically d iffe re n t.
Each of the instances of large differences in  the median values 
was Investigated . In  a few cases refinements in  the inherent contrast 
appeared to be responsible fo r improved median comparison in successive 
years. For example, the d iffe rence in  the medians fo r Fort Irw in  
Winter 1981-82 was 26 km. In Winter 1982-83, with s lig h t changes in  
the inherent contrast values fo r both teleradiom eters, the d ifference  
was 2 km. In  both years, approximately the same percentage of each 
te leradiom eter's  values was less than the longer ta rge t distance of 
99.9 km (approximately 8 percent in  1981-82, approximately 10 percent 
in  1982-83). In other cases, the d iffe rence in the medians appeared 
to be caused by the inclusion of c loud-effected  data in  the "less than 
target distance" category. For exm ple, the d ifference in the Fort 
Irw in Fall 1982 medians was 22 km; however, 10.4 percent o f the Granite
61
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TABLE 9 . MEDIAN STANDARD VISUAL RANGE ( km)
Iron
Mountain
Big Marla 
Mountains
Ship
Mountains
Nephelometer 
(0800-1500)
Summer 1981 114 100 97
F a ll 1981 145 151 128
W inter 1981, 1982 195 201 175
Spring 1982 168 140 144
1981. 1982 Annual 155 143 137
Granite Ord Nephelometer
F ort Irw in Mountains Mountains (0800-1500)
Summer 1981 93 105
F a ll 1981 177 125 151
W inter 1981, 1982 223 197 191
Spring 1982 182 171 154
1981, 1982 Annual 192 149 161
Summer 1982 190 145 115
F a ll 1982 192 170 183
Winter 1982, 1983 263 261 263
Spring 1983 190 172 182
1982, 1983 Annual 203 171 172
Summer 1983 188 123 125
F a ll 1983 175 133 152
Winter 1983, 1984 272 202 262
Spring 1984 143 135 152
1983, 1984 Annual 193 130 162
Haystack San Gabriel Nephelometer
Edwards AFB Butte Mountains (0800-1500)
Summer 1982 132 131 96
Fall 1982 188 185 90
Winter 1982, 1983 185 184 173
Spring 1983 142 124 142
1982, 1983 Annual 140 151 112
Summer 1983 111 111 105
F all 1983 112 133 152
Winter 1983, 1984 145 200 204
Spring 1984 116 112 155
1983, 1984 Annual 112 134 141
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Mountains and 23.5 percent o f the Ord Mountains ta rge t values were 
less than ta rg e t distance. Assuming the d ifference to be due to 
clouds and correcting yielded a median fo r the Ord Mountains ta rg e t of 
192 km. Iden tica l to the Granite Mountains targe t value for th is  
season.
While the resu lts  o f th is  analysis are Inconclusive, i t  does 
appear th a t there was no systemic error or bias caused by the inherent 
contrast determination technique. A small bias did appear to be 
introduced by the inclusion of cloud-effected values in the "less than 
ta rg e t distance" category. In every case where medians d iffe red  by 
more than 15 km, the lower median had a t lea s t 10 percent more values 
In  th is  category. Adjusting fo r these cloud e ffects  reduced the 
difference in  the medians by 10 to 20 km. Conversely, In every case 
where the medians were s im ila r , the percentage of values In the "less 
than ta rg e t distance" category were approximately equal.
Cumulative frequency plots fo r each season and annual period were 
also compared. The s ing le annual period fo r Iron Mountain Is  shown In  
Figure 8 , the three F o rt Irw in  annual periods are shown In chronological 
order In  Figures 9 , 10, and 11; the two annual periods fo r Edwards AFB 
are shown in  Figures 12 and 13. Again, nephelometer data are Included 
but are discussed In  the Teleradiometer to Nephelometer Comparisons 
Section. In th is  ana lysis , both o f the undefined visual range cate­
gories are Included. The Iron Mountain teleradiom eters Indicate  
reasonable comparison except a t the lower v is ib i l i t y  leve ls . The
63
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discrepancy may be p a r t ia l ly  due to the inclusion of cloud-effected  
data in  the less than ta rg e t distance category, but is  more l ik e ly  due 
to  s lig h t inaccuracies in the inherent contrast values which become 
more pronounced as the apparent contrast approaches zero. The Fort 
Irw in  and Edwards AFB plots also display the same increasing d ifference  
in  the teleradiom eter cumulative frequencies with decreasing standard 
visual range, although the e ffe c t is  much less pronounced in the 
second and th ird  years. This tends to support the contention that the 
successive years provide closer approximations of the true inherent 
contrast values.
TELERADIOMETER TO NEPHELOMETER COMPARISONS
Three types o f comparisons of teleradiom eter and nephelometer 
data were performed. F ir s t ,  medians were compared. Second, cumulative 
frequency d is trib u tio n s  were compared. These two were s im ilia r  to the 
comparisons previously described fq r teleradiom eter to teleradiom eter 
comparisons. F in a lly ,  l in e a r  regressions were completed fo r each 
season and annual period.
The median standard visual range values are shown in Table 9 . 
Although the nephelometer operates continuously, only the hours 0800- 
1500 were used to be consistent w ith teleradiom eter measurements. In 
general, the medians agree quite  c lose ly  to a t least one of the te le -  
radiometer medians. In  some instances, p a rtic u la r ly  in the f i r s t  year
70
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o f monitoring a t  each s ite ,  the nephelometer medians were s lig h tly  
lower than the teleradiom eter medians. This is  most probably due to 
the lower (less highly negative) inherent contrast values used In  the 
f i r s t  year a t Fort Irw in and Edwards AFB.
The cumulative frequency d is trib u tio n  p lo ts , shown in Figures 8 
through 13, also show reasonably close agreement between the te le rad io ­
meters and nephelometer. In the f i r s t  year o f monitoring a t each 
s ta tio n , the teleradiom eters and nephelometer fa i l  to show close 
agreement a t the upper v is ib i l i t y  le v e ls . This is  due to the inclusion  
of the "greater than 391.2 km" category in  the teleradiom eter data.
The nephelometer is  not influenced by clouds, so the standard visual 
range never exceeds 391.2 km. The e ffe c t is most pronounced in the 
f i r s t  year when Inherent contrast values were s lig h tly  low, resulting  
in  a la rg er percentage o f the teleradiom eter values fa llin g  into  the 
“greater than 391.2 km" category.
Linear regressions o f nephelometer to teleradiom eter standard 
visual ranges were performed fo r each season and annual period. The 
undefined visual range categories were not used. The regressions are 
summarized in  Table 10. The Iron Mountain teleradiometers tend to 
show fa ir ly  good c o rre la tio n  to nephelometer; the correlations are 
poorest fo r Spring 1982 and Ship Mountains Summer 1981. The median 
standard visual ranges of the two teleradiom eters also showed the 
largest differences in  these seasons. This Indicates the Inherent 
contrasts probably required some s lig h t refinement in these seasons.
71
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TABLE 10. SEASONAL LINEAR REGRESSIONS 
[Nephelometer versus Teleradiometer 
Standard Visual Range (km)]
S tation /Target Slope Intercept r n
Iron  Mountain Big Marias Target
Summer 1981 0.969 20.74 0.80 532
F a ll 1981 0.863 32.88 0.77 551
W inter 1981, 1982 0.912 28.31 0.79 551
Spring 1982 0.792 38.10 0.80 574
1981, 1982 Annual 0.879 30.08 0.83 2,208
Iron Mountain Ship Mountains Target
Summer 1981 1.470 -38.93 0.76 450
F a ll 1981 1.120 -12.63 0.81 409
Winter 1981, 1982 0.958 18.14 0.71 494
Spring 1982 0.809 15.89 0.75 536
1981, 1982 Annual 0.953 9.20 0.77 1,889
Fort Irw in  G ranite Mountains Target
Summer 1981
Fall 1981 0.377 107.62 0.54 611
Winter 1981, 1982 0.551 109.86 0.59 444
Spring 1982 0.689 90.05 0.67 465
1981, 1982 Annual 0.562 96.33 0.63 1,520
Summer 1982 0.875 -56.86 0.70 261
F a ll 1982 1.222 -69.48 0.79 487
Winter 1982, 1983 1.625 -177.99 0.52 481
Spring 1983 1.179 -75.55 0.71 427
1982, 1983 Annual 0.654 -103.21 0.66 1,656
Simmer 1983 1.470 -148.25 0.79 389
Fall 1983 1.148 -54.42 0.68 420
Winter 1983, 1984 1.122 -56.62 0.77 558
Spring 1984 0.943 4.27 0.81 326
1983, 1984 Annual 0.826 -63.23 0.81 1,693
Fort Irw in Ord Mountains Target
Summer 1981 0.616 44.04 0.80 99
Fall 1981 0.621 51.16 0.58 536
Winter 1981, 1982 0.684 58,70 0.67 519
Spring 1982 0.709 51.73 0.67 667
1981, 1982 Annual 0.690 50.82 0.67 1,722
72
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TABLE 10 . (C ontinued)
S tatio n /T arg et Slope Intercept r n
F o rt Irw in  Ord Mountains Target (cont)
Summer 1982 0.664 11.54 0.68 377
F a ll 1982 0.938 11.89 0.82 487
Winter 1982, 1983 1.105 -37.95 0.73 491
Spring 1983 1.127 -26.94 0.79 545
1982, 1983 Annual 0.899 -32.36 0.79 1,900
Summer 1983 1.035 -18.93 0.82 216
F a ll 1983 0.916 13.23 0.78 454
Winter 1983, 1984 1.087 -5.06 0.80 592
Spring 1984 0.912 23.66 0.88 585
1983, 1984 Annual 0.948 4.10 0.85 1,847
Edwards AFB Haystack Butte Target
Summer 1982 0.637 -4 .13 0.74 288
F a ll 1982 0.966 -28.55 0.78 421
Winter 1982, 1983 0.998 -20.54 0.82 443
Spring 1983 0.952 -15.78 0.82 579
1982, 1983 Annual 0.971 -36.59 0.79 1.731
Summer 1983 1.205 -35.66 0.76 603
F a ll 1983 1.140 -4.39 0.82 535
Winter 1983, 1984 1.341 -15.55 0.75 548
Spring 1984 0.984 25.18 0.91 614
1983, 1984 Annual 0.777 -18.59 0.80 2,300
Edwards AFB San Gabriel Mtns. Target
Summer 1982 0.640 7.49 0.57 153
Fall 1982 1.047 -41.53 0.69 233
Winter 1982, 1983 1.486 -154.37 0.49 317
Spring 1983 1.196 -31.82 0.67 444
1982, 1983 Annual 0.867 -46.07 0.65 1,147
Summer 1983 0.946 -16.55 0.73 398
Fall 1983 1.133 -16.04 0.72 400
Winter 1983, 1984 1.110 -33.88 0.79 518
Spring 1984 0.936 22.11 0.86 558
1983, 1984 Annual 0.941 -12.95 0.80 1,874
Note: In a ll cases, nephelometer is  used as the Independent variable.
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Both Fort Irw in  and Edwards AFB teleradiom eters correlated b e tte r  
with nephelometer standard visual range in the second year of operation  
than the f i r s t .  The th ird  year a t Fort Irw in  showed some s lig h t  
c o rre la tio n  improvement over the second.
The co rre la tio ns  are not perfect; i . e . ,  T f  1 .00 M + 0.
Instead, in  successive years, nephelometer and teleradiometer corres­
ponded more c lose ly  a t  the upper v is ib i l i t y  lev e ls . At the lower end 
o f the range, nephelometer standard visual range was consistently  
greater than corresponding teleradiom eter standard visual range. This 
bias was consistent and observed on a ll  of the regressions. In Section 
2 , Theory, i t  was shown th a t neglection of absorption in  Equations 27 
and 28 resu lts  in  an overestimation o f nephelometer visual range 
values. The bias in  the la t t e r  year's  lin e a r regressions a t Fort 
Irw in and Edwards AFB is  consistent with neglection of an absorption 
c o e ffic ie n t o f 20-25% o f to ta l ex tin c tio n .
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SECTION 6 
SUMMARY
C alcu lation  o f visual range from teleradiometer-measured apparent 
contrast requires the inherent contrast be known. In the absence of 
n a tu ra lly  occurring non-em itting, non-reflecting targets, some metho­
dology is  required to estimate the inherent contrast. To be useful, 
th is  methodology should be simple, accurate w ithin reasonable lim its ,  
and c o s t-e f f ic ie n t .
The methodology presented here is  based on three assumptions:
1) Inherent contrast varies on a continuous basis through­
out the day and throughout the year, but these changes 
are gradual enough to permit selection of d iscrete  
in te rv a ls  without the introduction of excessive erro r,
2) The tru e  inherent contrast fo r a given discrete in terval 
is  a constant fo r  th a t in te rv a l, and,
3) With s u ff ic ie n t  re p e titio n  of in te rv a ls , v is ib i l i t y  
w ill  approach Rayleigh conditions a t least once.
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Given these assumptions, the methodology consists p rim arily  o f locating  
those In te rv a ls  with near-Rayleigh conditions and back-calculating an 
Inherent contrast from the recorded apparent contrast. The equations 
used to convert apparent contrast to visual range are based on w e ll- 
founded physics p rin c ip le s , p rim arily  Bouguer's Law and Koschmleder's 
Theory, The la t te r  is  based on a number o f assumptions, including 
equal illu m in a tio n  o f a l l  parts o f the atmosphere. Clouds and 
shadowing by clouds v io la tes  th is  assumption, so the near-Rayleigh 
conditions used to estimate Inherent contrast must also be free of the 
In fluence of clouds.
Id e n tif ic a tio n  of the near-Rayleigh condition In terva ls  requires 
only the actual recorded apparent contrast and photographic data or 
other means of detecting varia tions in  lig h tin g  caused by clouds. 
Because the methodology requires no a u x ilia ry  measurements or Ins tru ­
ments other than a 35 mm camera, the methodology Is  simple and cost- 
e f f ic ie n t  from a f ie ld  operation viewpoint. The en tire  methodology 
may be accomplished manually, thereby making I t  simple to employ.
The methodology was applied to six teleradiom eters operating at 
three v is ib i l i t y  monitoring stations In the C a lifo rn ia  Mojave Desert 
fo r varying periods between Summer 1981 and Spring 1984. The technique 
was applied independently to each data se t. The resu lts were fa ir ly  
consistent ind icating  a reasonable precision fo r the methodology and, 
In d ire c tly , estab lish ing  the v a lid ity  of assumption (2 ) .  Consistency
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was even greater in  the th ird  year o f monitoring, indicating assumption 
(3 ) is  also v a lid , a t le a s t fo r remote areas.
Accuracy of the methodology could not be d ire c tly  established. 
Rather, in d ire c t v e r if ic a t io n  procedures were applied based on the 
premise th a t v is ib i l i t y  measured by two teleradiometers in the same 
a i r  mass and v is ib i l i t y  measured by two d iffe re n t measurement techniques 
in  the same a ir  mass are comparable. Comparisons of median standard 
visual range values fo r two teleradiom eters indicated a bias is  in tro ­
duced by the e ffe c ts  o f clouds, but th a t th is  bias does not fu lly  
account fo r observed differences In  median values in a ll  cases.
However, th is  analysis also indicated no systemic error or bias is  
introduced by the methodology i t s e l f .  Analysis of cumulative frequency 
d is trib u tio n s  fo r  the two teleradiom eters a t the same station showed 
the same problem with cloud-effected data and ad d itio na lly  indicated  
s e n s it iv ity  to s lig h t  changes in  the inherent contrast values at the 
low end of the v is ib i l i t y  range. S lig h t refinements in the inherent 
contrast values s ig n if ic a n t ly  improved teleradiom eter to teleradiometer 
comparisons.
S ta t is tic a l comparisons o f teleradiom eter standard visual range 
to an Independent v is ib i l i t y  measurement technique, in th is case the 
nephelometer, ind icated  g enera lly  close comparison except for cloud- 
effected data. L inear regressions, e lim inating  the m ajority of the 
cloud-effected data ind icated  a consistent bias a t the lower end of 
the v is ib i l i t y  range with nephelometer standard visual range greater
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than te l e rad iometer standard visual range. The equation used to 
c a lcu la te  standard visual range fo r nephelometry included the assump­
tio n  th a t atmospheric absorption is zero. Recent studies (Waggoner 
e t a l . ,  1981, and Ouimette, 1980) ind icate th is  assumption is  not 
v a lid  and th a t absorption by p a rtic u la te  carbon and, to a lesser 
exten t, nitrogen dioxide contributes 10 to 25 percent of the to ta l 
e x tin c tio n . The observed bias was consistent with an absorption 
c o e ffic ie n t o f 20-25 percent o f to ta l ex tinc tio n .
In  conclusion, the estim ation of inherent contrast methodology 
presented here does appear to be accurate w ith in  reasonable lim its .
I t  is  also simple to employ and c o s t-e ff ic ie n t . The assumptions on 
which the methodology are based appear to be v a lid . The underlying 
assumptions upon which the standard visual range equation fo r te le ­
radiometers are based also appear to be v a lid . V iolations of the 
assumption of equally illum inated  atmosphere (clouds), i f  not removed, 
introduces a bias to the teleradiom eter data se t. The assumption that 
absorption is  n e g lig ib le  used in  derivation  o f the nephelometer 
standard visual range equation appears to be in v a lid .
Given the cautions above, the methodology presented here may be 
employed with reasonable confidence in the resu ltan t standard visual 
range values. I t  is  best suited to studies a t remote locations where 
near-Rayleigh conditions can be expected to occur with some degree of 
frequency.
78
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
REFERENCES
1. Archer, S. F . 1981. V is ib ility -R e la te d  Monitoring near Cedar 
Mountain Utah. A pril 1979 to September 1980. TS-AMD-8Q35A. U.S. 
Environmental Protection Agency, Environmental Monitoring Systems 
Laboratory, Las Vegas, Nevada.
2 . Ountley, S. Q. 1948(a). "The Reduction of Apparent Contrast by 
the Atmosphere". Journal o f the Optical Society o f America.
38:179.
3 . Ountley, S. Q. 1948(b). "The V is ib i l i t y  of D istant Objects".
Journal o f the Optical Society o f America. 38:237.
4 . Elterman, L. 1968. UV, V is ib le , and IR Attenuation for A ltitudes
to 50 Kilom eters. Rep. AFCRL-68-0153, A ir  Force Cambridge Research 
Laboratories, Bedford, Massachusetts. 1-49. [NTIS No. AD 671933].
6 . Malm, W. C. 1979. Considerations In  the Measurements of V is i­
b i l i t y .  Journal o f the A ir  P o llu tio n  Control Association, 29:1042.
6 . Malm, W. C. L e tte r  to Dr. P. M uellar, dated November 1, 1982.
7 . Middleton, W. E. K. 1952. Vision Through the Atmosphere.
U niversity  o f Toronto Press. Toronto, Ontario, Canada.
8 . Ouimette, J . R. Ju ly  1980. Aerosol Chemical Species Contributions 
to the E xtinction  C o e ffic ie n t. Ph.D. D issertation , C a lifo rn ia  
In s titu te  o f Technology, Pasadena, C a lifo rn ia .
9 . Schuster, A. 1905. Radiation Through a Foggy Atmosphere.
Astrophysics Jo u rn a l, 2 1 :1 .
10. T r ijo n is , J . ,  and D. Shapland. 1979. Existing V is ib i l i t y  Levels 
in the U.S. Prepared by Technology Service Corporation fo r U.S. 
Environmental P ro tection  Agency, Grant No. 802815, Research 
Triangle Park, North C aro lina.
11. U.S. Environmental Pro tection  Agency. 1979. Protecting V is ib i l i t y ,  
In EPA Report to  Congress. EPA-450/5-79-008. U.S. Environmental 
Protection Agency.
79
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
12. U.S. Environmental Protection Agency. November 1980. Interim  
Guidance fo r  V is ib i l i t y  Monitoring. EPA-45/2-80-08-2. U.S. 
Environmental Protection Agency, O ffice  of A ir Q uality Planning 
and Standards, Research Triangle Park, North Carolina.
13. Waggoner, A. P ., R. E. Weiss, N. C. A hlquist, D. S. Covert, S. 
W i l l ,  and R. J .  Charlson. 1981. Optical C haracteristics of 
Atmospheric Aerosols. Atmospheric Environment. 15:1891.
80
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
